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ABSTRACT
Establishing a correlation (or lack thereof) between the bimodal colour distribution of galaxies and
their structural parameters is crucial to understand the origin of bimodality. To achieve that, we have
performed 2D mass-based structural decomposition (bulge+disc) of all disc galaxies (total=1263) in
the Herschel imaging area of the Stripe 82 region using Ks band images from the VICS82 survey.
The scaling relations thus derived are found to reflect the internal kinematics and are employed in
combination to select an indubitable set of classical and pseudo bulge hosting disc galaxies. The rest
of the galaxies (< 20%) are marked as discs with “ambiguous” bulges. Pseudo and classical bulge disc
galaxies exhibit clear bimodality in terms of all stellar parameters (M∗, sSFR, r −Ks). All pseudo
bulge disc galaxies are blue and star-forming and all classical bulge disc galaxies are red and quiescent
with less than 5% digressions. Ambiguous bulge disc galaxies are intermittent to pseudo and classical
bulge disc galaxies in the distribution of all structural and stellar parameters. ∆〈µeb〉 - based on the
placement of bulges on the Kormendy relation - is found to be the most efficient single structural
indicator of both bulge type and stellar activity. The placement of ambiguous bulge disc galaxies on
scaling relations and fundamental plane, in addition to their peculiar stellar properties suggest that
they are dominantly a part of the green valley.
Subject headings: galaxies: bulges — galaxies: structure — galaxies: star formation — galaxies: stellar
content
1. INTRODUCTION
Over the past two decades, it has been emerging with
increasing clarity that the structure of galaxies is corre-
lated with their star formation history and on-going ac-
tivity (Kauffmann et al. 2003, 2006; Baldry et al. 2006;
Franx et al. 2008). This conjecture is supported by
the observation of statistically large samples that re-
veal that while redder galaxies are more early-type
and bulge (or spheroid) dominated, bluer galaxies are
more late-type and disc dominated (Strateva et al. 2001;
Brinchmann et al. 2004).
Quantitatively, Driver et al. (2006) demonstrated that
Se´rsic index of a galaxy - parameter defining the shape
of its intensity profile - is most efficient in separat-
ing galaxies based on their colour. In addition to the
Se´rsic index, concentration and bulge-to-total flux ratio
have been demonstrated to be competitively effective for
larger samples and at higher redshifts (Cameron et al.
2009; Wuyts et al. 2011; Bell et al. 2012; Mendel et al.
2013; Lang et al. 2014; Bluck et al. 2014). In some stud-
ies, central mass density of galaxies within 1 kpc has been
argued to be a more efficient separator of star forming
and quiescent galaxies than other morphology indicators
(Cheung et al. 2012; Fang et al. 2013; Luo et al. 2020).
Recent studies have also argued that stellar kinemat-
ics, mainly in terms of central velocity dispersion, are
a better differentiator of galaxy colour than stellar mass,
surface mass density and morphology (Wake et al. 2012;
Bluck et al. 2016; van de Sande et al. 2018). Note that
a requisite for accurate morphological decomposition is
that it reflects the internal kinematics of the galaxy. Re-
cently, Graham et al. (2018) reported that kinematics of
2300 galaxies obtained from the latest IFU (MANGA)
survey demonstrate a tight correlation with their struc-
ture. Thus, all proposed colour differentiators - Se´rsic in-
dex (nb), bulge-to-total flux ratio (B/T ), concentration
(C), central mass density (Σ1) and velocity dispersion
(σo) - are structural type indicators, firmly suggesting
that the inherent structure of star forming galaxies dif-
fers from their quiescent counterparts.
Interestingly, all these structural indicators (nb, B/T ,
C, Σ1, σo) have also been found to be efficient differen-
tiators of the bulge-type hosted by the disc galaxy (re-
viewed in Fisher & Drory 2016; Kormendy 2016). The
higher values of these indicators for a disc galaxy suggest
that the central bulge is elliptical like, i.e., “classical”,
and lower values suggest that the central bulge is disc
like, i.e, “pseudo” (Fisher & Drory 2008; Gadotti 2009;
Sachdeva & Saha 2016; Neumann et al. 2017; Gao et al.
2020). Involvement of the same set of indicators in the
adjudication of both the bulge-type and stellar activity
in disc galaxies implies that disc galaxies hosting differ-
ent bulge types should exhibit distinct stellar activity.
Drory & Fisher (2007) have argued that the underlying
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correlation of the colour of the galaxy is with its bulge
type and correlation with all other morphological indica-
tors is a consequence of that.
Thus, separation of disc galaxies on the basis of their
bulge-type should also result in their separation on the
basis of colour, and vice-versa. However, two sets of
studies have produced contradictory findings. One set of
studies state that while pseudo bulges are often red, clas-
sical bulges are rarely found to be blue (Fisher & Drory
2016; Kormendy 2016). Counter to that, other set of
studies state that while pseudo bulges are rarely found
to be red, classical bulges are often blue (Gadotti 2009;
Fang et al. 2013; Luo et al. 2020). Luo et al. (2020)
highlighting these differences claim that even if they ap-
ply the same colour separation criteria as Fisher & Drory
(2016), 42% of their classicals will be marked blue and
all pseudo bulges will still be contained in the blue zone.
The origin of contradictory results lies in the incon-
sistency of criteria applied in these studies for bulge
classification. For example, while Fisher & Drory (2008)
employ bulge Se´rsic index (nb) to separate bulge-types,
other studies have elaborated on the inefficiency of nb
to separate bulge-types without severe contamination
(Gadotti 2009; Gao et al. 2020). The reason being that
while there are bulges which will satisfy multiple kinds of
criteria to be unambiguously labelled as either pseudo or
classical, there are also a considerable fraction of bulges
which do not meet all the chosen criteria (reviewed in
Kormendy 2016). Classification of such bulges is then
subjective and both pseudo and classical samples become
prone to contamination.
In this work, we attempt to overcome this issue by
studying and applying multiple stringent complimentary
criteria to select an indubitable set of pseudo and classi-
cal bulges. In addition to that, we prevent the contami-
nation of these bulge sets by separating out those bulges
which do not satisfy all the applied stringent criteria.
We make a number of other improvisations to extract a
clearer picture. Firstly, our sample consists of all local
(z < 0.3) disc dominated galaxies (total=1263) in the
Herschel imaging area of the Stripe 82 region. Since this
area has coverage from a large number of deep multi-
wavelength surveys, high quality and large quantity of
data in terms of images, spectra and derived parameters
is available. This is advantageous in analysing the ef-
fect of structural transformation on the whole range of
stellar, gas and dust properties. Crucially, structural pa-
rameters for all the galaxies in our sample are available in
the optical bands (ugriz) from the latest decomposition
performed by Bottrell et al. (2019) using deep co-added
Sloan images. This has enabled us to perform consis-
tency checks for our derived decomposition parameters
in the Ks band.
Secondly, we have performed the decomposition in Ks
band. This band is the best tracer of stellar mass in
galaxies since it is not biased by the dominating optical
emission from young stars which account for a small frac-
tion of galaxy’s mass. It is least affected by dust obscura-
tion and accounts for all the light emitted by middle-age
and old stars which form the bulk of galaxy’s baryonic
mass (Cowie et al. 1996; Bundy et al. 2006; Bluck et al.
2019). Our decomposition also benefits from the fact
that the Ks band images (VICS82 survey, Geach et al.
2017) boast of a high resolution (0.3”/pixel) and depth
(21.4 mag). Thirdly, we have extracted all the possible
structural measures of the galaxies using both paramet-
ric and non-parametric techniques. This allows us to
assess the performance of all potential indicators, along
with the kinematic information, to classify bulges in a
robust manner. Fourthly, the stellar parameters (M∗,
SFR, sSFR) are from a recent work (Salim et al. 2016,
2018) that includes far-IR flux from Herschel along with
the mid-IR flux from WISE to account for the dust at-
tenuation affect which is a critical factor in the accurate
estimation of stellar activity.
This paper is organized in the following manner. In
Section 2, we define the sample and elaborate our com-
putation of all defining structural parameters using both
parametric and non-parametric techniques. We also de-
tail the source and computation of kinematic and stellar
parameters employed in this work. In Section 3, we elab-
orate on our separation of an indubitable set of pseudo
and classical bulges with the identification and applica-
tion of multiple stringent complimentary criteria. Fol-
lowing that, we compare the distribution of all struc-
tural and stellar parameters for the two bulge-types. We
have also attempted to identify the most effective single
structural indicator for both bulge-type and stellar activ-
ity in disc galaxies. In Section 4, we discuss our findings
pertaining to the classification of bulges, bimodality of
their properties and clues regarding the constitution of
the green valley. We conform to a flat Λ-dominated Uni-
verse with ΩΛ = 0.714, Ωm = 0.286 and Ho = 69.6 km
sec−1 Mpc−1. All magnitudes are in the AB system.
2. DATA
Bottrell et al. (2019) performed bulge disc decomposi-
tion of all galaxies in the Stripe 82 region (16908 in total)
in optical (u,g,r,i,z) bands using deep co-added SDSS im-
ages from Annis et al. (2014). They demonstrated that
deep images result in a more accurate determination of
bulge and disc parameters compared to the computations
based on SDSS Legacy images (Simard et al. 2011). In
their work, only the decomposition performed in r band
has all fitting parameters kept free. For rest of the bands
(u,g,i,z) either some or most of the parameters are held
fixed according to their r band values. We, thus, take
their r band catalogue for our sample selection and later
for comparison with our mass-based morphological mea-
surements. Using their r band catalogue, we first select
those galaxies which are determined to be 2-component
(disc + free-bulge) systems, according to their analysis.
We put a further cut on that sample by selecting
only those galaxies which are in the 79 deg2 contigu-
ous imaging field of Herschel Stripe82 Survey (HerS,
Viero et al. 2014). This ensures maximum overlap with
all major multi-wavelength deep surveys in Stripe 82
including BOSS (Eisenstein et al. 2011), VLA-Stripe82
(Hodge et al. 2011), HETDEX (Hill et al. 2008), SHELA
(Papovich et al. 2012), SpIES (Timlin et al. 2016), HSC
(Miyazaki et al. 2012) and VICS82 (Geach et al. 2017).
This overlap is essential to perform mass-based morpho-
logical decomposition of galaxies and to obtain accurate
estimates of their stellar parameters, dynamical param-
eters, dust content and gas content, which are crucial to
trace the affect of structural transformation of galaxy on
its stellar activity.
Out of the total sample of 16908 galaxies of
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Bottrell et al. (2019), 1263 galaxies satisfy both the cri-
teria, i.e., are determined to be 2-component (disc + free-
bulge) systems and are present in the HerS field. We will
perform the structural decomposition of this sample of
1263 galaxies in Ks band. Selection of this band is cru-
cial to trace the underlying mass distribution of galaxies
in the most accurate manner. Bluck et al. (2019) using
5 X 105 local (z < 0.2) SDSS galaxies, have demon-
strated that B/T computed in all optical bands underes-
timates B/T by mass. For r band, the difference is more
than 0.2, i.e., a component having 40% of galaxy’s full
light might be designated to be accounting for only 20%
of that (see their Figure B1). They report that optical
and mass-based structural fractions coincide closely for
the Ks band. This is because Ks band accounts for all
the light emitted by young and old stars and does not
get affected by the brightness of young stellar popula-
tions (Cowie et al. 1996; Bundy et al. 2006; Bluck et al.
2019). Since our work is focused on classifying bulges
in an indubitable manner and examine the bimodality of
their stellar properties, it is paramount to perform a mass
(baryonic) based decomposition. In addition to that, our
Ks band images support a much better resolution (0.3”)
than the Sloan images (0.396”) used by (Bottrell et al.
2019).
The Ks band images are obtained from VICS82 sur-
vey, i.e., VISTA-CFHT Stripe 82 near-IR survey, which
covers near-contiguous 150 deg2 of Stripe 82 to an aver-
age depth of 21.9 mag in J band and 21.4 mag in Ks
band (Geach et al. 2017). This survey has been con-
ducted using Canada-France Hawaii Telescope (CFHT)
WIRCam instrument and Visible Infrared Survey Tele-
scope for Astronomy (VISTA) VIRCAM instrument. All
images have been processed including dark and flat-field
correction, refined sky subtraction, distortion correction,
quality control, astrometric and photometric calibration.
Using their Ks selected catalogue, we match the RA Dec
of our sample of 1263 galaxies to 1” difference and ob-
tain information regarding the tile and coordinates on
which each galaxy is present. Using this information, we
write a code which automatically selects the tile (out of
33 VIRCAM and 55 WIRCam tiles in Ks band) on which
a galaxy is present and extracts a 180” X 180” cut-out
for that galaxy. This cutout size is reasonably large con-
sidering that out of 1263, only 6 sources have total ex-
tent (Petrosian radius) more than 30” and none exceeds
40”. It is optimal for the running of ellipse, GALFIT
and other algorithms followed in this work. In addition
to that, large size ensures that sky dominates the fitting
region which is also an important criteria for GALFIT
to create an accurate sigma image. We, thus, obtain
cut-outs of all 1263 galaxies in the Ks band.
2.1. Sky variation and masking
Accurate measurement of sky background variation is
essential for robust fitting of galaxy images (Peng et al.
2010). We have estimated this variation separately for
each of the VICS82 survey tiles from which our sample
galaxies’ cut-outs are obtained. The tiles have already
been through rigorous background modification during
pre-processing, which includes subtraction of the run-
ning sky, “destriping” of the images in both directions,
removal of background gradients, visual inspection of im-
ages to removes defects, patterns, residuals, in addition
to fitting and removal of a fifth-degree polynomial surface
(Geach et al. 2017).
To compute the sky variation, we first run Source Ex-
tractor (Bertin & Arnouts 1996) with a low detection
threshold (0.8 times relative to the background RMS)
and broad filter (Gaussian with FWHM of 5 pixels) to
mask all possible sources present on the tile along with
their faint outskirts (Akhlaghi & Ichikawa 2015). We
further grow each mask region according to the masked
source size to rule out the possibility of contamina-
tion from extended diffused light. On the non-masked
(sky) pixels, we perform 3-sigma clipping using stan-
dard Python algorithm to obtain the statistical measures.
Since the background has already been through rigorous
procedures, the mean and median of the sky background
are found to be zero across all tiles. The standard devia-
tion is found be similar to 2nd decimal place for all tiles
of a given telescope (CFHT and VISTA) and band (Ks),
confirming the robustness of computation. For CFHT
Ks band images, the value ranges from 23.90 to 24.17
mag/arcsec2 and for VISTA Ks band images, the value
ranges from 23.80 to 23.98 mag/arcsec2. These back-
ground variation values will be given as an input to GAL-
FIT to aid the algorithm to obtain the most accurate
bulge and disc parameters.
The mask (or segmentation-map) images generated for
each cut-out in this process are also a critical input to the
fitting algorithms employed in this work. These images
are first given as an input to a custom-made code which
unmasks the central source, i.e., the galaxy of interest,
in each cut-out. We visually examined all modified mask
images and corrected for a few cases (less than 5%) in
which some part of the galaxy of interest got masked
or some neighbouring source did not get masked prop-
erly. The final mask images are given as an input to
the isophotal fitting algorithm (IRAF ellipse) which is
used to generate input values for GALFIT and later to
GALFIT as well.
2.2. Initial input parameters
We will perform the bulge-disc decomposition on all
galaxy images using GALFIT which is an algorithm that
uses the Levenberg-Marquardt (LM) technique on galaxy
images to find the best fitting structural parameters in
a flexible and fast manner (Peng et al. 2002, 2010). To
obtain the initial input parameters for GALFIT, we per-
form isophotal fitting on all galaxy images using the el-
lipse task of IRAF. This task finds best fitting isophotes
for a galaxy at successively increasing radii, using LM
technique, varying the intensity, central coordinates, el-
lipticity and position angle (Jedrzejewski 1987). The
cutouts and their corresponding masks are given as an
input. We use the resulting table of isophotal values to
create surface brightness profile for each galaxy accord-
ing to their magnitude zero-point and plate-scale. These
profiles are given as an input to a custom written code
which extracts initial input parameters for GALFIT, i.e.,
total radius, magnitude, half light radius, ellipticity and
position angle, for each of the 1263 galaxies. The total
radius is defined by the outer-most fitting isophote and
the total magnitude is according to the total flux con-
tained in this radius. The half light radius is taken as
that radius which contains half of the total flux, while
ellipticity and position angle are obtained by computing
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the mode of all values across the profile. Other than gen-
erating the input values, the isophotal profiles will also
be utilized after running GALFIT to examine if the out-
put parameters generated by GALFIT are describing the
galaxy well or significant residual is left.
2.3. Sigma image and PSF
A vital requirement for GALFIT’s fitting process is
the sigma image which informs the algorithm regarding
the standard deviation of flux at each pixel of the input
image (Peng et al. 2002). GALFIT can create an accu-
rate sigma image internally if information regarding the
units of the input image, flux conversion factor, gain of
the telescope, exposure time involved, number of frames
combined to create the input image and read noise of
the detector is known to the user. We assimilated all
such information from survey documentation, headers of
the large CFHT/VISTA tiles and image analysis. While
CFHT images are in micro-Janskys, VISTA images are
in counts. Using the appropriate flux conversion factor,
exposure time and gain of the telescope, we create the
“gain” parameter in the header of each cut-out (or input
image) in such a manner that its multiplication with the
image units will yield the total number of electrons for
each pixel. We also create the “rdnoise” parameter in
each cut-out’s header. These header parameters will be
utilized by GALFIT to generate sigma image.
Another important requirement for GALFIT’s fitting
process is the point spread function (PSF) which the al-
gorithm convolves with the model to mimic the effect
of the telescope and filter on the actual flux distribu-
tion. The VICS82 survey provides an average PSF for
each telescope (CFHT and VISTA) and band (J andKs)
by evaluating the FWHM of 104 point sources extracted
from randomly selected image tiles belonging to each
telescope and band. In the creation of the median stack,
which includes the normalization of each source to its
peak flux, they ensured that all selected 104 point sources
(CLASS STAR > 0.95) are bright (14 < Ks < 15 mag)
and unsaturated. They exhibited the quality of the gen-
erated PSF by employing it to derive aperture corrections
for their photometric analysis. We followed the same pro-
cess to create our own PSF, for each CFHT and VISTA
Ks band tile, selecting some ∼ 100 point sources using
DAOPHOT PSF task of IRAF and compared the PSF
thus generated with the one provided by the survey. Al-
though we selected a far fewer number (∼ 100) of point
sources, the variation of the PSF across tiles and its dif-
ference with the survey PSF was minute and did not
have any affect on the fitting parameters within the er-
ror range. This could possibly be due to small variation
in seeing across the survey, where, CFHT reports a see-
ing of 0.96”(σ ∼ ±0.10”) and VISTA reports a seeing of
0.82”(σ ∼ ±0.13”) in Ks band. Considering the insen-
sitivity of the fitting to the PSF variation, we use the
PSF provided by VICS82 survey, throughout this work,
to rule-out any biases originating from the creation of a
PSF in a non-rigorous and/or non-uniform manner for
any tile.
2.4. Fitting 1 and 2-component models
To run GALFIT in a batch, i.e., on the full sample
of 1263 galaxies, a customized input file for each galaxy
is required. This file stores all information pertaining to
the running of the algorithm on that galaxy, i.e., name of
the cut-out, its mask file, PSF file, fitting box, convolu-
tion box, magnitude zeropoint, plate scale, initial input
parameters, etc. Using the initial input parameters, ob-
tained earlier through isophotal fitting, we write a code
to generate such files for all galaxies in an automated
manner. The dimension of the fitting box is twice the
diameter of the central source and that of the convolu-
tion box ranges from 40-60 times the PSF-FWHM of the
image. Using the customized files, we first fit all galaxies
with a single Se´rsic component,
Isersic(r) = Ie(re) exp[−bn((
r
re
)1/n − 1)], (1)
where re is the half light radius, Ie(re) is the intensity at
that radius, n is the Se´rsic index and bn is a constant de-
pendent on n. Out of 1263 galaxies, while 946 converged
well (1 < χ2ν < 2), 317 did not converge. “Did not con-
verge” means that although GALFIT did not crash but
one or more final parameter values were marked with
asterisk signifying that those parameter values are non
physical. We re-fitted those 317 galaxies fixing their
Se´rsic index to range of values (n = 1.0, 2.5, 4.0) and
selecting the best fit, following which, 287 converged and
30 galaxies still did not converge. Examining the images
of these 30 galaxies, we found that while 10 of them are
poorly imaged, the rest do not have any clear signs that
could explain their lack of convergence.
We consolidate the output parameters, obtained from
1-component fitting, of all galaxies and use them to cre-
ate input files for 2-component fitting. In 2-component
fitting, Se´rsic component (Equation 1) is simultaneously
fitted with an exponential (or disc) component. The ex-
ponential component is the special case of the Se´rsic com-
ponent with n = 1, such that,
Idisc(r) = Io exp(−
r
rd
), (2)
where Io is the intensity at the centre of the disc and rd is
the scale length of the disc. Thus, Itotal = Isersic + Idisc
is simultaneously fitted for the full sample. Out of 1263
galaxies, while 605 converged well (1 < χ2ν < 2), 658
did not converge. We re-fitted those 658 with a range of
fixed Se´rsic indices (nb = 1.0, 2.5, 4.0) and selected the
best fit. Out of those 658, 337 converged, however, 321
did not converge. We tried to re-fit them by fixing various
parameters including ellipticity and position angle of the
disc (derived from isophotal fitting), however, they still
did not converge.
Thus, for 2-component (bulge+disc) fitting, 942 galax-
ies converged. Fig. 1 and Fig. 2 depict the fitting of
a few sources in Ks band along with a comparison of
the best-fit parameters with the observed intensity pro-
file for each source. The first three columns exhibit the
real, model and residual images produced by GALFIT
for the best fit parameters. The fourth column shows
the bulge, disc and total (bulge+disc) intensity profiles
that were generated using the best-fit model parameters,
along with the galaxy’s observed isophotal intensity pro-
file. Computation and analysis of the residual of the
observed and model profiles reveals that galaxies fitted
with a free bulge Se´rsic index fit significantly better than
Correlation of structure and stellar properties of galaxies 5
those for which it was held fixed suggesting that it is a
crucial factor in accurate determination of bulge param-
eters.
2.5. Non-parametric measures
In addition to parametric measures, we compute non-
parametric measures for all galaxies, mainly their Pet-
rosian radius, Concentration and Asymmetry. Non-
parametric measures, by definition, are not constrained
by any functional form and are thus considered least
biased measures of galaxies’ structure (Conselice 2014).
The algorithm for measuring Petrosian radius of a galaxy
is based on the computation of the ratio of intensity at
successively increasing radii to the intensity inside those
radii. When the ratio η(r) falls to an empirically deter-
mined fraction (0.2 in this work),
η(rp) =
I(rp)
〈I(< rp)〉
= 0.2, (3)
at some radius rp, then Petrosian radius (rP ) is given
as 1.5× rp where 1.5 is again an empirically determined
multiple. By “empirically determined” we mean that
these values (0.2 and 1.5) were found to provide most ac-
curate estimates for a representative sample of galaxies
(Bershady et al. 2000; Conselice 2003; Lotz et al. 2004).
The algorithm thus works on extrapolation of intensity
profile from the centre to the outskirts to obtain the to-
tal extent of the galaxy. For Concentration, first the
flux inside the total (Petrosian) radius of the galaxy is
computed. Then the algorithm finds those radii which
contain 20% and 80% of the total flux to obtain,
C = 5 log10(
r80
r20
), (4)
where C is the concentration index of the galaxy and
5 is an empirically determined multiple (Bershady et al.
2000; Graham et al. 2005). For Asymmetry, galaxy im-
age is rotated by 180o about its “centre of symmetry”
(a central point, found iteratively, where asymmetry is
minimum) and subtracted from the main image. Flux
thus obtained from the subtracted image is normalized
to obtain the asymmetry index (A) of the galaxy. Our
code for computing the three measures (rP , C and A)
ran smoothly for 1253 out of the total sample of 1263
galaxies. For the rest 10 galaxies, iterative algorithm to
find the centre of the galaxy did not converge.
2.6. Stellar parameters
Stellar parameters, i.e., stellar masses (M∗) and star
formation rates (SFR) are taken from GALEX-SDSS-
WISE Legacy Catalogue 2 (Salim et al. 2018). They fol-
low a Bayesian approach to SED fitting on the combi-
nation of GALEX and SDSS data of all galaxies (0.7
million) with z < 0.3. Their most important modifica-
tion over previous works (Salim et al. 2005, 2007, 2016)
is the usage of IR luminosity to set constraints on dust
emission which allows dust attenuation curve parameters
to be fitted freely while creating models. Computation
of “true” IR luminosity is based on far-IR flux from Her-
schel (Valiante et al. 2016) in addition to mid-IR flux
from WISE (Lang et al. 2016). An accurate estimation
of the dust attenuation affect is a critical factor in the de-
termination of stellar activity of galaxies. They demon-
strate by comparing with other works that if far-IR is
not included in the computation, SFRs get systemati-
cally over-estimated especially for quiescent galaxies.
Their project involves usage of Herschel ATLAS to cal-
ibrate computation of true IR luminosity for the full sam-
ple of 0.7 million galaxies which have only mid-IR fluxes
from WISE. Our sample being on the Herschel field, has
full coverage of the calibration sample itself. Out of our
total sample of 1263 galaxies, there are “good quality”
M∗ and SFR estimates for 1205 galaxies.
2.7. Central velocity dispersion
Stellar velocity dispersions for galaxies in our sam-
ple have been obtained from SDSS DR15 spectroscopic
catalogue (Bolton et al. 2012; Aguado et al. 2019). The
SDSS spectra, since DR9, have been obtained using
BOSS spectrograph (Dawson et al. 2013) which has a fi-
bre diameter of 2” and wavelength coverage from 365
to 1040 nm. Each spectra is reduced by the spectro-
scopic pipeline (idlspec2d) which is refined with each
data release. Stellar velocity dispersions are derived fol-
lowing a Principal Component Analysis (PCA) method
where 24 eigenspectra from ELODIE stellar library
(Prugniel & Soubiran 2001) are convolved and binned to
match the instrumental resolution and constant-velocity
pixel scale of reduced SDSS spectra. These template
sets are redshifted, broadened by successively large ve-
locity widths and modelled through least square fitting
of linear combination of each trial broadening. Best-fit
velocity dispersion value is thus determined through chi-
square minimization and error on the value is determined
from curvature of the chi-squared curve around global
minimum. Based on the average S/N and instrumen-
tal resolution of SDSS spectra, velocity dispersion mea-
surements below 70 km/s should be treated with caution
(Thomas et al. 2013). In our work, we will use these mea-
surements only for bulge classification, where, all galaxies
with velocity dispersion below 90 km/s will be clubbed
together. Thus even large (∼30%) errors on below reso-
lution values will not affect our bulge classification or any
of the presented results and inferences. Out of our total
sample of 1263 galaxies, reliable (based on data quality
flags) velocity dispersion measurements are present for
1249 galaxies, i.e., almost the full sample. Following this,
we apply aperture correction to ensure that all velocity
dispersions are computed within same effective aperture
which is chosen to be 1/8th of the half light radius of the
bulge. We, thus, obtain central velocity dispersion (σo),
using,
σo = (
reb/8
rap
)−0.04σap (5)
where, reb is the half light radius of the bulge in arc-
seconds, rap is the radius of the aperture (1”), σap
is the measured stellar velocity dispersion and 0.04
is an empirically derived value (Jorgensen et al. 1995;
Teimoorinia et al. 2016). Note that the corrections
(<0.5%) are insubstantial compared to the errors (∼3-
5%) on velocity dispersion values.
2.8. Consolidation and comparison
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Fig. 1.— Fitting 2-components: Each row depicts the fitting of a particular source in Ks band. In a row, first three columns show the
actual image of the source, its GALFIT model and its residual, respectively. While the redshift of the source has been mentioned at the
top of actual image, the χ2ν of the fitting has been mentioned at the top of residual image. The fourth column compares the model image’s
profile (green solid line) with the observed profile of the actual image (black solid points) obtained through isophotal analysis. Profiles of
the bulge (red solid line) and the disc (blue solid line) component of the model image have also been marked. The difference of the model
and observed profile is shown in the bottom panel of the plot.
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Fig. 2.— Fitting 2-components: While the description is same as Fig. 1, this figure is focused on smaller redshift (z < 0.1) sources.
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TABLE 1
Bulge-disc decomposition values of all the 1263 sources analysed in Ks band∗
ID mb reb nb arb PAb md rd ard
mag arcsec mag arcsec
1 2 3 4 5 6 7 8 9
310 13.00(±0.01) 5.05(±0.25) 5.58(±0.03) 0.72(±0.01) 12.45(±0.16) 14.23(±0.01) 6.64(±0.33) 0.30(±0.00)
312 15.92(±0.02) 0.50(±0.02) 1.69(±0.07) 0.55(±0.01) -79.20(±0.49) 14.90(±0.01) 1.68(±0.08) 0.72(±0.01)
313 16.11(±0.01) 1.51(±0.07) 1.44(±0.03) 0.63(±0.01) -50.19(±0.83) 17.01(±0.12) 12.49(±0.62) 0.35(±0.04)
314 15.13(±0.04) 1.22(±0.06) 3.64(±0.12) 0.72(±0.01) 87.99(±0.63) 16.46(±0.10) 4.21(±0.21) 0.50(±0.03)
315 16.76(±0.06) 0.83(±0.04) 5.12(±0.51) 0.41(±0.01) -81.05(±0.74) 15.40(±0.01) 1.91(±0.09) 0.90(±0.01)
317 14.74(±0.03) 2.03(±0.10) 5.79(±0.13) 0.82(±0.01) -86.05(±0.59) 15.73(±0.04) 5.04(±0.25) 0.56(±0.01)
318 15.91(±0.09) 1.56(±0.08) 5.83(±0.44) 0.93(±0.01) -63.32(±4.56) 17.45(±0.20) 2.83(±0.14) 0.72(±0.04)
320 17.21(±0.14) 0.76(±0.03) 4.72(±0.92) 0.28(±0.02) -51.80(±1.31) 15.82(±0.03) 2.16(±0.11) 0.53(±0.01)
321 18.39(±0.10) 0.76(±0.04) 0.92(±0.15) 0.63(±0.03) -36.76(±4.94) 15.84(±0.01) 2.35(±0.12) 0.45(±0.00)
322 15.21(±0.01) 1.85(±0.09) 5.99(±0.09) 0.78(±0.01) 18.55(±0.80) 17.23(±0.05) 1.87(±0.09) 0.98(±0.05)
326 15.86(±0.01) 0.66(±0.03) 1.00(±0.02) 0.54(±0.01) 86.28(±0.36) 13.13(±0.01) 4.53(±0.23) 0.32(±0.00)
327 17.69(±0.38) 0.48(±0.02) 5.59(±3.66) 0.56(±0.04) -72.17(±4.01) 16.24(±0.08) 1.70(±0.08) 0.77(±0.02)
328 15.50(±0.04) 0.52(±0.03) 4.61(±0.26) 0.72(±0.01) 79.67(±0.64) 15.78(±0.04) 1.54(±0.08) 0.78(±0.01)
330 16.42(±0.08) 0.47(±0.02) 3.20(±0.38) 0.48(±0.01) 30.61(±0.84) 16.52(±0.08) 1.31(±0.06) 0.74(±0.01)
∗This table presents the values obtained through 2-component (bulge-disc) 2D fitting of galaxies. The first column is the unique
ID we have given to the 1263 objects. The next five columns (2-6) depict the magnitude (mb), effective radius (reb), Se´rsic index
(nb), axis ratio (arb) and position angle (PAb) of the bulge component. The last three columns (7-9) are the magnitude (md),
scale length (rd) and axis ratio (ard) of the disc component. The full table has been made available.
TABLE 2
Se´rsic fitting and non-parametric values of all the 1263 sources analysed in Ks band∗
ID mg reg ng arg PAg rP C A
mag arcsec arcsec
1 2 3 4 5 6 7 8 9
310 12.35(±0.01) 12.49(±0.62) 6.61(±0.02) 0.64(±0.01) 10.66(±0.09) 17.86(±0.89) 4.24(±0.26) 0.23(±0.01)
312 14.41(±0.01) 2.12(±0.10) 3.62(±0.03) 0.87(±0.01) 67.58(±1.06) 7.64(±0.38) 3.50(±0.48) 0.27(±0.01)
313 16.06(±0.01) 1.60(±0.08) 1.56(±0.03) 0.63(±0.01) -50.09(±0.84) 5.68(±0.28) 2.96(±0.52) 0.45(±0.03)
314 14.79(±0.01) 2.05(±0.10) 4.83(±0.07) 0.70(±0.01) 87.14(±0.55) 7.77(±0.38) 3.94(±0.53) 0.31(±0.02)
315 14.88(±0.01) 3.94(±0.19) 3.63(±0.05) 0.85(±0.01) -77.33(±1.44) 8.85(±0.44) 3.14(±0.36) 0.35(±0.03)
317 14.01(±0.01) 7.64(±0.38) 8.80(±0.09) 0.79(±0.01) -89.52(±0.50) 11.46(±0.57) 4.35(±0.40) 0.19(±0.02)
318 15.49(±0.02) 2.98(±0.15) 7.04(±0.15) 0.97(±0.01) -55.32(±12.30) 7.62(±0.38) 3.97(±0.52) 0.45(±0.03)
320 15.32(±0.02) 4.12(±0.21) 3.47(±0.08) 0.53(±0.01) -33.31(±0.59) 9.51(±0.47) 3.34(±0.38) 0.48(±0.01)
321 15.70(±0.01) 3.61(±0.18) 1.51(±0.02) 0.48(±0.01) -1.03(±0.45) 9.21(±0.46) 2.94(±0.34) 0.49(±0.06)
322 15.21(±0.01) 1.86(±0.09) 6.01(±0.10) 0.78(±0.01) 18.54(±0.80) 6.32(±0.31) 3.71(±0.60) 0.2(±0.01)
326 12.88(±0.01) 8.23(±0.41) 2.33(±0.01) 0.36(±0.01) -84.20(±0.05) 16.43(±0.82) 3.24(±0.21) 0.28(±0.01)
327 15.79(±0.02) 3.16(±0.16) 3.35(±0.08) 0.73(±0.01) -74.26(±1.38) 7.34(±0.36) 3.17(±0.41) 0.42(±0.06)
328 14.68(±0.01) 1.68(±0.08) 6.23(±0.07) 0.88(±0.01) 72.38(±1.12) 6.56(±0.32) 3.76(±0.60) 0.34(±0.01)
330 15.61(±0.01) 1.30(±0.06) 4.67(±0.11) 0.63(±0.01) 23.57(±0.62) 5.39(±0.26) 3.53(±0.64) 0.44(±0.02)
∗This table presents the values obtained through single component (Se´rsic) 2D fitting and non-parametric fitting of galaxies. The
first column is the unique ID we have given to the 1263 objects. The next five columns (2-6) are the magnitude (mg), effective
radius (reg), Se´rsic index (ng), axis ratio (arg) and position angle (PAg) of the galaxy. The last three columns (7-9) are the
Petrosian radius (rP ), concentration (C) and asymmetry index (A) of the galaxy. The full table has been made available with this
work.
In consolidation, we have obtained both paramet-
ric and non-parametric morphological measurements for
our sample of 1263 galaxies in Ks band. Based on
the cosmological parameters adopted, redshift of the
galaxies and corresponding K-corrections involved, we
convert all measured apparent quantities to intrinsic
ones in rest-frame Ks band (equations illustrated in
Graham & Driver 2005; Sachdeva 2013; Sachdeva et al.
2015). Thus, for the full galaxy and for the bulge and the
disc component separately, we obtain their absolute mag-
nitudes (Mg,Mb,Md), intrinsic characteristic sizes (Reg,
Reb, Rd) in Kpc, Se´rsic indices (ng, nb) along with other
defining parameters, i.e., position angle, ellipticity, etc.
Note that subscript ‘g’ is for global, ‘b’ is for bulge and
‘d’ is for disc. In addition to that, we have acquired the
latest and most accurate values of their stellar (M∗, SFR,
sSFR) and kinematic (σo) parameters. In terms of para-
metric morphology, we have performed both single com-
ponent (Se´rsic function) and 2-component (Se´rsic func-
tion + exponential function) fitting. For single compo-
nent fitting, nearly all galaxies (barring 30) converged to
physically meaningful parameters, where, 946 converged
with free ng and 287 converged when it was held fixed.
For 2-component fitting, 942 galaxies (75% of the total)
converged to physically meaningful parameters, where,
605 converged with free nb and 337 converged when it
was held fixed.
Tables (or catalogues) consolidating parametric, non-
parametric, kinematic and stellar measures, of all the
1263 galaxies in our sample, have been made available
with this paper. This includes apparent as well as intrin-
sic measures in rest-frameKs band, along with errors. In
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TABLE 3
Intrinsic values of all the 1263 sources analysed in Ks band with kinematic and stellar parameters∗
ID Mb Reb 〈µeb〉 Md Rd log(M∗) log(SFR) σo
mag kpc mag/arcsec2 mag kpc [M⊙] [M⊙/yr] km/s
1 2 3 4 5 6 7 8 9
310 -23.32(±0.69) 4.15(±0.20) 18.33(±0.55) -22.09(±0.66) 5.45(±0.27) 11.13(±0.01) -1.65(±0.43) 260.3(±4.2)
312 -21.26(±0.63) 0.59(±0.02) 16.17(±0.48) -22.28(±0.66) 1.98(±0.09) 10.65(±0.02) 0.29(±0.08) 133.4(±6.0)
313 -23.99(±0.71) 5.25(±0.26) 18.16(±0.54) -23.09(±0.69) 43.30(±2.16) 11.13(±0.04) 1.09(±0.08) 168.8(±16.7)
314 -23.98(±0.71) 3.02(±0.15) 16.98(±0.50) -22.65(±0.67) 10.44(±0.52) 11.38(±0.06) -0.18(±0.47) 260.8(±5.1)
315 -23.21(±0.69) 2.77(±0.13) 17.57(±0.52) -24.57(±0.73) 6.36(±0.31) 11.42(±0.02) 0.81(±0.08) 173.5(±11.6)
317 -24.48(±0.73) 5.23(±0.26) 17.68(±0.53) -23.49(±0.70) 12.99(±0.64) 11.58(±0.07) -0.69(±0.66) 301.7(±9.6)
318 -23.58(±0.70) 4.43(±0.22) 18.21(±0.54) -22.04(±0.66) 8.01(±0.40) 11.13(±0.03) -1.15(±0.81) 199.3(±12.6)
320 -22.50(±0.67) 2.33(±0.11) 17.90(±0.53) -23.89(±0.71) 6.61(±0.33) 11.46(±0.02) 0.47(±0.13) 187.5(±13.7)
321 -18.79(±0.56) 0.90(±0.04) 19.55(±0.58) -21.34(±0.64) 2.77(±0.13) 10.15(±0.04) 0.13(±0.06) 28.1(±27.3)
322 -23.99(±0.71) 4.74(±0.23) 17.95(±0.53) -21.97(±0.65) 4.79(±0.23) 11.11(±0.01) -0.46(±0.42) 262.8(±12.0)
326 -19.72(±0.59) 0.39(±0.02) 16.82(±0.50) -22.45(±0.67) 2.71(±0.13) 10.73(±0.02) 0.37(±0.03) 108.3(±5.5)
327 -21.30(±0.63) 1.15(±0.05) 17.57(±0.52) -22.75(±0.68) 4.05(±0.20) 10.99(±0.01) -0.08(±0.09) 92.5(±13.5)
328 -21.92(±0.65) 0.68(±0.03) 15.81(±0.47) -21.64(±0.64) 2.00(±0.10) 10.64(±0.02) -1.40(±0.56) 134.7(±5.0)
330 -22.70(±0.68) 1.17(±0.05) 16.20(±0.48) -22.60(±0.67) 3.26(±0.16) 11.05(±0.01) -0.25(±0.06) 238.6(±12.2)
∗This table presents the intrinsic (or absolute) values of the bulge-disc component obtained according to their redshift, adopted
cosmology and K-correction. The first column is the unique ID we have given to the 1263 objects. The next three columns (2-4)
are the magnitude (Mb), effective radius (Reb) and average surface brightness (µeb) inside that radius for the bulge component.
The following two columns (5-6) are the magnitude (Md) and scale length (Rd) of the disc component. The last three columns
(7-9) are the total stellar mass (M∗), star formation rate (SFR) and central velocity dispersion (σo) of the galaxy. The full table
has been made available with this work.
Table 1, 2 and 3, we present a small glimpse of the full
appended version. Each version also includes a detailed
description of the columns in its beginning.
In Fig. 3, we compare the distribution of the param-
eters obtained in Ks band with those obtained in the
optical (r band) by Bottrell et al. (2019). Note that
we compare only that sample which converged in our
fitting process with Se´rsic index (whether global ng or
bulge nb) kept free so as to match the assumptions made
by Bottrell et al. (2019) during their fitting of the same
sample. We find that there is quite a reasonable match
between the two bands confirming the accuracy of the
decomposition carried out using two different methods,
i.e., GIM2D and GALFIT. More than 80% of all radii
(rg, reb, rd) and most importantly the bulge-to-total ra-
tio (B/T ) are within 0.2 dex for the two bands. Even
for a sensitive parameter like nb, for more than 70% the
difference is within 0.2 dex. Ellipticity (eg, eb) and posi-
tion angle (PA) of all (> 95%) parameters are within 0.1
dex for the two bands.
Variations observed between the two bands are negligi-
ble and can be attributed to the real differences between
the two bands (e.g., galaxies and their components ex-
tend more in bluer bands than in redder ones, etc.), along
with measurement uncertainties. Since our primary aim
is to perform indubitable classification of bulges before
proceeding to the analysis of their stellar properties, we
will focus on this well matched sample of 605 galax-
ies for which 2-component morphological decomposition
converged with free nb. This is also necessary because
nb is one of the key parameters whose performance as
a differentiator of bulge type will be examined in this
work. Henceforth, all the presented analysis is based on
this sample.
3. RESULTS
3.1. Performance of bulge morphology indicators
Over the past few years, Kormendy relation (KR) - a
projection of the fundamental plane exhibited by ellip-
tical galaxies (Kormendy 1977) - has established itself
as one of the most efficient classifiers of bulge morphol-
ogy (Gadotti 2009; Sachdeva et al. 2017, 2019; Gao et al.
2020). This is driven by the fact that classical bulges -
being more dominated by dispersion than pseudo bulges
- are found to lie within ±2σ boundaries of the KR fol-
lowed by elliptical galaxies. Pseudo bulges, in contrast,
are found to be low surface brightness outliers to KR.
To perform an unambiguous classification of bulges in
our sample, we will extract a single morphology indica-
tor (∆〈µeb〉) from KR and employ that to investigate the
performance of other morphology indicators. Following
that, the indicator which best compliments ∆〈µeb〉, will
be used in conjunction with it to select an indubitable
class of classical and pseudo bulges.
To obtain KR for elliptical galaxies in rest-frame Ks
band, we select elliptical galaxies from the full sample
according to their global Se´rsic index (ng). Analysis of
statistically large samples of galaxies, over the past two
decades, has revealed that ng is an effective separator
of late-type (ng < 2.0 − 2.5) and early-type (ng > 2.5−
3.0) galaxies (Shen et al. 2003; Ravindranath et al. 2004;
Barden et al. 2005). In addition to that, studies focusing
on early-type galaxies have stressed that higher is the ng,
lesser is the contamination from late-type counterparts
(Blakeslee et al. 2006; Rettura et al. 2006; van der Wel
2008; Huang et al. 2013). Based on these findings, we
select those galaxies from the full sample that have ng >
5. There is a possibility that a high Se´rsic index cut
may result in the selection of the most luminous of the
ellipticals. However, we find that the relation observed
by galaxies in the smaller range (3.0 < ng < 6.0) matches
with that obtained for our selected sample with ng > 5,
ruling out this possibility. Other than that, we visually
examine the selected sample to remove sources with any
faint disc structure. Fig. 4 shows the distribution of our
sample of ellipticals and the relation derived,
〈µeg〉 = (2.98± 0.13) log(Reg) + (16.86± 0.11) (6)
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Fig. 3.— Band comparison: The histograms show the distribution of the difference of parameter values computed by us in Ks band
and those computed by Bottrell et al. (2019) in the r - band. The first three plots in the first row depict the distribution of the difference
in the global effective radius (reg), bulge effective radius (reb) and disc scale length (rd). The fourth plot shows the difference in the Se´rsic
index values of the two bands, both for the global (solid line) and the bulge (dashed line). In the second row, difference in the bulge-to-total
ratio (B/T ), global ellipticity (eg), bulge ellipticity (eb) and global position angle (PAg) for the two bands is shown. Average error-bars
are marked in each plot.
where Reg is the effective radius of the galaxy (in Kpc)
and 〈µeg〉 is the intrinsic average surface brightness in-
side it (in mag/arcsec2). The fitting has been performed
using the fit function of Gnuplot which implements non-
linear least-square Marquardt-Levenberg algorithm. The
1σ scatter on 〈µeg〉 is ±0.81 mag/arcsec
2. The scatter
is larger than that observed by a recent work studying
the placement of local ellipticals on the Kormendy plane
in the optical (Gao et al. 2020). This could be due to
several factors, including a more stringent selection of
ellipticals. To overcome this possibility, we adopt the
+1σ boundary, instead of +2σ (Neumann et al. 2017) or
+3σ (Gadotti 2009; Gao et al. 2020) boundary, to ensure
that only those bulges are eventually chosen to be clas-
sical which are most ‘elliptical like’. Fig. 4 also marks
the ±1σ boundaries of the relation. Based on the +1σ
boundary, we define a quantity ∆〈µeb〉 which marks the
relative distance of the bulge from this boundary i.e.,
∆〈µeb〉 = 〈µeb〉 − 2.98 log(Reb)− 17.68 (7)
where Reb is the effective radius of the bulge (in Kpc)
and 〈µeb〉 is the intrinsic average surface brightness in-
side it (in mag/arcsec2). The quantity ∆〈µeb〉 works as
a bulge morphology classifier which embodies KR, such
that for bulges which lie on the +1σ boundary of KR, this
value is zero. More positive is this quantity more ‘non-
elliptical like’ (NEL) is the bulge and more negative is
the quantity more ‘elliptical like’ (EL) is the bulge.
Now we employ this indicator to investigate the per-
formance of other potential bulge morphology classifiers,
i.e., bulge Se´rsic index (nb), bulge-to-total light ratio
(B/T ), concentration index (C) and central velocity dis-
persion (σo). In Fig. 5, for successively increasing values
of nb, B/T , C and σo, we trace the increase in the frac-
tion of bulges which are EL (i.e., have ∆〈µeb〉 < 0) and
decrease in the fraction of bulges which are NEL (i.e.,
have ∆〈µeb〉 > 0). Each point on the red curve marks
the fraction of those galaxies which host EL bulges and
have an indicator value higher than that point. On the
contrary, each point on the blue curve marks the frac-
tion of those galaxies which have NEL bulges and have
an indicator value lower than that point (Fig. 5).
In the case of nb, 80% of the bulges with nb > 1.3 are
EL and 80% of the bulges with nb < 1.3 are NEL. In
the case of C, 80% of the galaxies with C > 3.0 have
EL bulges and 80% of the galaxies with C < 3.0 have
NEL bulges. C appears to be a more efficient classifier
than nb since with the increasing values of C, rise in the
fraction of EL bulges and decline in the fraction of NEL
bulges is sharper than nb (Fig. 5). In contrast, B/T
does not appear to be a good classifier. The trends of
increase in EL bulges and decrease in NEL bulges with
the increasing values of B/T are not as clear as in the
case of nb and C.
Amongst the four morphology indicators, σo turns out
to be the most efficient classifier, where the two curves
are most sharp, smooth and stable (Fig. 5). The transi-
tion occurs at σo = 90 km/s, where 90% of the galaxies
with σo > 90 km/s have EL bulges and 90% of the galax-
ies with σo < 90 km/s have NEL bulges. With increasing
values of σo, rise in the fraction of EL bulges and decline
in the fraction of NEL bulges is sharper and more stable
than that observed for other morphology indicators.
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Fig. 4.— Kormendy relation: The distribution of all galaxies
with global Se´rsic index (ng) more than 5.0 is shown on the Ko-
rmendy plane. These galaxies have also been confirmed visually
to be lacking any disc component, i.e., have a high probability of
being pure ellipticals. While the solid black line marks the rela-
tion followed by these sources, the two dotted lines mark the ±1σ
boundary of the relation, i.e., confines ∼ 66% of the sources. We
will use the +1σ (lower dotted line) boundary as a separator of “el-
liptical like” (EL) and “non-elliptical like” (NEL) bulges. Average
error-bar is marked.
3.2. Selection of pseudo, classical and “ambiguous”
bulges
The investigation of the performance of morphology
indicators reveals that σo best compliments KR in the
separation of EL and NEL bulges. For a sufficiently high
(low) value of σo, all bulges will be EL (NEL) based on
KR, however, we also need to ensure that least fraction
of bulges are left unclassified. In accordance to that, we
find that more than 60% of our total sample has σo > 130
km/s and all (∼98%) of them are EL based on KR. For
the rest 40% of the sample, we find that more than 60%
has σo < 90 km/s and nearly all (∼90%) of them are
NEL based on KR. In Fig. 6 the placement of galaxies in
different ranges of σo is shown on the Kormendy plane.
It is the most efficient of classifiers because it leaves less
than 20% of the bulges as unclassified.
If σo is not available, then the combination of nb and
C works best on KR for the separation. An analysis of
all potentialities reveals that (C > 3.5 + nb > 2.0) and
(C < 3.0 + nb < 2.0) are the best combinations for the
selection of EL and NEL bulges, respectively (Fig. 6).
However, note that even the combination of nb and C is
not as effective as σo.
Since in our work, σo is available for almost the full
sample (593 out of 605), we will employ it to classify
bulges in conjunction with the Kormendy relation. Thus,
those bulges which have ∆〈µeb〉 < 0 and σo > 130
km/s are marked to be an indubitable class of classi-
cal bulges. Similarly, those bulges which have ∆〈µeb〉
> 0 and σo < 90 km/s are marked to be an indubitable
class of pseudo bulges. Out of the total sample of 593
galaxies, 353 galaxies are thus classified to be discs host-
ing classical bulges and 130 galaxies are classified to be
disc hosting pseudo bulges. The rest of the bulges (110,
<20% of the total) are marked as “ambiguous”. Fig. 6
also shows the placement of classical, pseudo and am-
biguous bulges on the Kormendy plane. Note that this
category “ambiguous” is not the third bulge type. It only
indicates that these bulges could not be unambiguously
classified as either classical or pseudo.
It is certainly possible that some of the EL bulges,
possibly having ∆〈µeb〉 slightly greater than zero or σo
slightly less than 130 km/s, did not get included in the
classical bulge sample. Similarly, it is also possible that
some of the NEL bulges have been missed out of the
pseudo bulge sample. However, strict criteria ensure that
the two bulge-type samples have minimal contamination.
Most importantly, the bulges which could not be indu-
bitably classified into one type are saved from contam-
inating the sample of the other type by being grouped
into the separate ambiguous bulge category.
In Fig. 7, the placement of disc galaxies with pseudo,
classical and ambiguous bulges has been depicted on
the Fundamental (Kormendy 1977) and Faber-Jackson
(Faber & Jackson 1976) plane. The relation and the
scatter of the Fundamental Plane is as reported by
van den Bosch (2016) for their analysis of BH-host galax-
ies in Ks band. They found that irrespective of the
bulge nature, all galaxies follow the Fundamental Plane
in Ks band because it efficiently reflects the total mass
inside effective radius. They also noted that domi-
nance of the bulge can increase the tightness of the re-
lation. Distribution of our sample is consistent with
their findings (Fig. 7). The Faber-Jackson relation is as
found by Gallazzi et al. (2006), whereas, the scatter lines
are those reported by later works (Cortese et al. 2014;
Aquino-Ort´ız et al. 2018) for a more representative sam-
ple of early type galaxies. It can be seen that classical
bulge hosting disc galaxies are the best adherents of the
scaling relations found for elliptical galaxies. Although
this is expected because the selection of these bulges is
itself based on a scaling relation, this demonstrates the
effectiveness of the Kormendy relation in bulge-type de-
termination.
3.3. Bimodality of structural and stellar properties
In Fig. 8, we analyse the distribution of the two bulge
types, along with ambiguous bulges, with respect to
structural indicators and stellar parameters. In the case
of the concentration index (C), pseudo (PBD) and clas-
sical bulge disc (CBD) galaxies exhibit two well sepa-
rated peaks. All CBDs (∼98%) have C more than 3.0,
whereas, more than 85% of PBDs have C less than 3.5.
As found earlier, nb and B/T are not as efficient dif-
ferentiators of bulge types as C. Although more than
80% of PBDs have nb less than 2.5, CBDs are quite uni-
formly distributed over the full range. This is consistent
with the earlier and most recent findings (Gadotti 2009;
Gao et al. 2020), discussed later.
Our focus in this work is to examine the distribution
of these bulges in terms of their stellar parameters. We
report the presence of clear bimodality in the case of total
stellar mass (M∗), specific star formation rate (sSFR)
and global colour (r − Ks) of the galaxy. In the case
ofM∗, log(M∗/M⊙)=10.5 marks the middle point which
critically separates the two bulge populations. All PBDs
(∼ 95%) have M∗ lower than this value and all CBDs
(∼ 95%) have M∗ higher than this value. ABDs neatly
occupy a narrow region in the middle area, indicating
that as in the case of ∆〈µeb〉 and σo, sufficiently high or
low value of M∗ can lead to unambiguous classification
of bulge type.
In the case of sSFR, all PBDs (∼95%)
have log(sSFR/(1/Gyr))<-1.4 and CBDs have
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Fig. 5.— Complementarity to Kormendy relation: The performance of four morphology indicators (nb, C, B/T , σo), in separating
“elliptical like” (EL) and “non-elliptical like” (NEL) bulges (defined according to Kormendy relation), is examined. Each point on the red
curve marks the fraction of those galaxies which host EL bulges and have an indicator value higher than that point. On the contrary, each
point on the blue curve marks the fraction of those galaxies which have NEL bulges and have an indicator value lower than that point.
The efficiency of the indicator depends on the sharpness, smoothness and stability of the increase (decrease) in galaxy fraction exhibited
by the red (blue) curve with successively increasing indicator value. Average error-bars are marked in each plot.
Fig. 6.— Efficient combinations and selection: The first plot shows the placement of galaxies with different values of central velocity
dispersion (σo) on the Kormendy plane. While σo best compliments the Kormendy relation in bulge classification, in its absence the
combination of concentration (C) and Se´rsic index of the bulge (nb) turns out to be effective. The second and third plot depict the
strategies for separating “elliptical like” (red) and “non-elliptical like” (blue) bulge disc galaxies from others (green) using combination of
C and nb. In the fourth plot, the selection of pseudo (blue) and classical (red) bulges, as carried out in this work, based on the combination
of Kormendy relation and σo, is shown. The bulges which could not be unambiguously classified, as either pseudo or classical, have been
put in the “ambiguous” (green) category. Average error-bars are marked in each plot.
Fig. 7.— Fundamental and Faber-Jackson plane: In the
first plot, the placement of disc galaxies with pseudo (blue), clas-
sical (red) and ambiguous (green) bulges is shown on the Funda-
mental Plane. The plane, the relation (solid line) and the scat-
ter (dotted lines) are from van den Bosch (2016) analysis of BH-
host galaxies. In the second plot, their placement is shown on
the mass-based Faber-Jackson plane, where, total stellar mass of
the galaxy (M∗) is plotted against its central velocity dispersion
(σo). The relation (solid line) is from Gallazzi et al. (2006) and the
scatter (dotted lines) is as obtained by Cortese et al. (2014) and
Aquino-Ort´ız et al. (2018) for their sample of early type galaxies.
Average error-bars are marked in both plots.
log(sSFR/(1/Gyr))>-1.6. Similarly, in the case of
colour (r − Ks), the difference between the peaks of
PBDs and CBDs is as large as 0.6 mag. Here, the middle
point (1.1 mag) reports less than 10% digressions. Our
work, thus, demonstrates that if bulges are indubitably
classified to be pseudo and classical, their stellar prop-
erties will be markedly distinct, i.e., not only all PBDs
will be young and star forming, all CBDs will be old
and quiescent with negligible (<5-10%) digressions. The
placement of ABDs in these plots suggests that they
are dominantly in the middle region or the green valley.
The next section will provide more evidence in support
of this observation.
3.4. Most effective single structural indicator
Discs hosting different bulge types have been found
to differ in their stellar properties. However, instead of
determining the bulge type, it will be more efficient if
a single morphological indicator can be applied for the
separation of star forming or quiescent populations. Al-
thoughM∗ (total stellar mass),M∗/Reg,M∗/R
2
eg, σo, nb,
Σ1 (surface mass density within 1 kpc), etc., many indi-
cators have been suggested, they have not been proven to
be ultimate demarker. The issue being that substantial
amount of dispersion survives and the thresholds deter-
mined are at the most necessary, not sufficient, in sepa-
rating star forming and quiescent populations.
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Fig. 8.— Bulge properties: The distribution of galaxies with pseudo (blue), classical (red) and ambiguous (green) bulges is shown for
different structural and stellar parameters. In the first row, the three parameters are concentration (C), Se´rsic index of the bulge (nb) and
relative average surface mass density within bulge effective radius (∆〈µeb〉). In the second row, the three parameters are total stellar mass
(M∗), specific star formation rate (sSFR) and global colour (r −Ks) of the galaxy. Average error-bars are marked in each plot.
We will examine if our indicator ∆〈µeb〉, based on KR,
is successful in solving this issue. Fig. 9 indeed reveals
that total stellar mass (M∗) of the galaxy has tightest
and most well defined correlation with ∆〈µeb〉 compared
to other indicators including C, nb, Reb, 〈µeb〉 and σo. It
depicts that more is the total stellar mass of the galaxy,
more is the stellar mass density within the effective radius
of the central bulge (Fig. 9).
∆〈µeb〉, by definition, is a clear demarker of bulge-
type of galaxies. We now examine its performance as
a predictor of stellar activity in galaxies. In Fig. 10 we
find that the indicator exhibits an “elbow-like” correla-
tion with both star formation rate (SFR) and specific
SFR (sSFR) of galaxies. Here, the middle region of the
elbow is dominated by galaxies with ambiguous bulges
(Fig. 10). Thus, as found in the previous section, discs
with ambiguous bulges are emerging to be mainly placed
in the green valley. The correlation plot of the indicator
with global colour (r−Ks) of the galaxy provides further
evidence in support of this argument. Interestingly, while
the correlations with SFR and sSFR are elbow shaped,
the indicator exhibits a straight correlation with colour.
It shows that more is the central stellar mass density of
a galaxy, redder is its colour. Although ambiguous bulge
galaxies were depicting an equivalent or higher SFR than
pseudo bulge galaxies, they are redder in colour, suggest-
ing that either they are dust ridden or have composite
populations. This could have resulted in the difficulty in
resolving these bulges into either pseudo or classical.
4. DISCUSSION
In this work, we have explored the connection between
structural and stellar properties of local (z < 0.3) galax-
ies by comparing the distribution (and correlation) of the
parameters describing these properties for discs hosting
pseudo and classical bulges. To achieve that, we have
performed 2D bulge-disc decomposition of 1263 galax-
ies in rest-frame Ks band. Bulge type classification has
been performed based on multiple stringent complimen-
tary criteria. The major findings of the study are dis-
cussed below.
4.1. Classification of bulge types
Over the past two decades, it has been established
that multiple criteria, based on the structural and kine-
matic properties of the bulge, are required to be ap-
plied in combination to ascertain its type. A par-
ticular type of bulges, whether pseudo or classical,
will not satisfy all the properties or criteria associated
with them (reviewed in Fisher & Drory 2016; Kormendy
2016). Kormendy relation - which probes the similar-
ity of bulge structure with elliptical galaxies - has been
found to be the most effective and reliable differentia-
tor of bulge type (Gadotti 2009; Neumann et al. 2017;
Sachdeva et al. 2019; Gao et al. 2020). Other than the
structure, it is crucial that the classification reflects the
internal kinematics of the system, i.e., classical bulges,
unlike pseudo bulges, should have high velocity dis-
persion (Kormendy & Kennicutt 2004; Fisher & Drory
2016).
Interestingly, in our work, we find that the two cri-
teria, i.e., Kormendy relation (KR) and central velocity
dispersion (σo), are highly complimentary to each other.
More than 60% of our sample has σo > 130 km/s and all
of them (∼ 98%) are found to be placed within the ±1σ
boundary of the Kormendy relation for ellipticals. For
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Fig. 9.— Complimenting mass: The correlation of all morphological indicators is examined with respect to the total stellar mass
(M∗) of the galaxy to select a single morphological indicator which is most adept at separating star forming and quiescent populations. In
the first row, the correlation is explored with concentration (C), bulge Se´rsic index (nb) and bulge effective radius (Reb). In the second
row, the correlation is explored with average surface mass density within bulge effective radius (〈µeb〉), central velocity dispersion (σo) and
relative average surface mass density within bulge effective radius (∆〈µeb〉). Average error-bars are marked in each plot.
the rest 40%, a large proportion (∼ 60%) has σo < 90
km/s and nearly all of them (∼ 90%) are found to be
outliers to the relation. This highlights the effectiveness
of KR, in addition to the accuracy of our bulge parame-
ters, being consistent with the inherent kinematics. We
use these two complimentary conditions in combination
to obtain indubitably classical and pseudo bulges. In-
stead of forcibly marking the rest (< 20%) sample as
either pseudo or classical, we mark them as “ambigu-
ous”, so that pseudo and classical bulge properties can
be examined without contamination. The placement of
our sample on the Fundamental plane and Faber-Jackson
plane provides another confirmation of the classification,
where classical bulges are found to be the best adherents
of the scaling relations set for elliptical galaxies. Explo-
ration of the properties of ambiguous bulges has revealed
that it is an important category in itself. Their placement
in terms of KR, σo and the two planes is in-between the
two bulge types, which is the reason for ambiguity in
their classification.
4.2. Bimodality of bulge properties
After ensuring that we have a well separated set of in-
dubitably pseudo and classical bulges, we have analyzed
the distribution of these two bulges types in terms of
their structural and stellar parameters.
In terms of structural parameters, we have found con-
centration C to be a better differentiator of bulge types
than nb and B/T . This is consistent with the study
of bulges in the CALIFA sample (Neumann et al. 2017)
that reported C to be the closest follower of the Kor-
mendy relation compared to all other structural indica-
tors. We report that both nb and B/T are inefficient
classifiers of bulge type. While pseudo bulges are mainly
concentrated below nb ∼ 2.0, classical bulges are uni-
formly distributed over the full range of nb. This is
consistent with earlier studies, both based on statisti-
cally large samples as well as individual decomposition of
smaller samples Gadotti (2009); Gao et al. (2020). Our
results for B/T are also consistent with all previous stud-
ies (Gadotti 2009; Fisher & Drory 2016; Neumann et al.
2017; Gao et al. 2020) reporting the inefficiency of this
indicator due to substantial overlap between the distri-
bution of the two bulge types. The argument proposed
is that the classical bulge - being a merger remnant
- is independent of the host disc and can easily be a
non-dominant component of the galaxy (Fisher & Drory
2008; Gadotti 2009). We note that all our findings
are consistent with the latest work on classifying bulges
(Gao et al. 2019, 2020), where, 320 galaxies of a local,
well-resolved sample have been individually decomposed
into multiple components in the optical.
Our major focus is to examine if morphology of the
bulges is correlated with their stellar activity. Bimodal-
ity, with regard to stellar parameters, has not been ob-
served by earlier studies, i.e., either a large fraction
of pseudo bulges are found in the territory of classi-
cal bulges or vice-versa (Gadotti 2009; Fisher & Drory
2016; Luo et al. 2020). Crucially, which side contributes
to the digression is also not agreed upon. In our study,
we find that pseudo and classical bulges are well sep-
arated in terms of all stellar parameters. All pseudo
bulge galaxies have total stellar mass (M∗) less than
1010.5M⊙ and all classical bulge galaxies have M∗ more
than that, with negligible (<5%) exceptions. Similarly,
the specific SFR (sSFR) distribution of the galaxies with
pseudo and classical bulges is non-overlapping, where
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Fig. 10.— SFR and colour: The correlation of the morphology
indicator based on the Kormendy relation (∆〈µeb〉) is explored
with stellar parameters which include star formation rate (SFR),
specific SFR (sSFR) and global colour (r−Ks) of the galaxy. While
in the case of SFR and sSFR, elbow-like pattern appears, there is a
straight correlation in the case of colour. The galaxies are marked
according to the bulge they host, i.e., pseudo (blue), classical (red)
and ambiguous (green). Average error-bars are marked in each
plot.
10−1.4Gyr−1 marks the transition point, again with in-
significant (<5%) exceptions. In addition to that, the
colour (r−Ks) of pseudo and classical bulge host galax-
ies differ by ∼ 0.6 mag, where the middle point (1.1 mag)
reports less than 10% digressions. This indicates that if
bulges are indubitably classified, their stellar properties
will be markedly distinct, where, all pseudo bulges will
be blue and star forming and all classical bulges will be
red and quiescent, with 5-10% exceptions.
4.3. Single structural indicator for quenching
The finding that galaxies with different bulge types
differ in their stellar properties, highlights that struc-
ture of a galaxy is correlated with its stellar parameters.
Thus, there is a search for a single structural indicator
which is the neatest separator of star forming and quies-
cent galaxy populations. Cheung et al. (2012) explored
all potential structural indicators, including nb, B/T , C,
M∗/R
2
eb, to report that Σ1 (stellar mass surface density
within 1 kpc) is the best in this regard. Adding to that,
recent work has claimed that ∆Σ1 (Σ1 with mass trend
removed) is not only the best predictor of quenching but
also the best indicator of galaxy’s bulge type (Luo et al.
2020). They find that the reason for the success of ∆Σ1
lies in its similarity to ∆〈µeb〉 which is most suitable.
Our results based on ∆〈µeb〉 in Ks band add clarity to
this picture.
As observed in the case of ∆Σ1 (Luo et al. 2020),
∆〈µeb〉 also portrays an elbow-like pattern with both
SFR and sSFR of the galaxy. Based on the “elbow-like”
structure they argued that while all pseudo bulge galax-
ies are star forming, classical bulge galaxies span the full
range of stellar activity, where, those in the middle re-
gion are transiting from pseudo to classical stage. Our
work reveals that all pseudo bulge galaxies are star form-
ing, all classical bulge galaxies are quiescent and galaxies
with ambiguous bulges are mainly in the elbow (or mid-
dle) region - possibly the green valley.
Most importantly, the elbow-like pattern transforms
into a straight correlation when SFR (or sSFR) is re-
placed with the global colour (r − Ks) of the galaxy.
Thus, although ambiguous bulge galaxies have simi-
lar SFR as pseudo bulge galaxies, they are redder in
colour suggesting that either they are dust ridden or
have composite populations. It is possible that the pres-
ence of dust has been the cause for the ambiguity in
bulge type determination. Other than that, the place-
ment of ambiguous bulge disc galaxies in our work sug-
gests that they are dominantly in the green valley, con-
stantly found between pseudo bulge hosting (blue) and
classical bulge hosting (red) disc galaxies. Green val-
ley galaxies, in addition to being dusty, have been ob-
served to be a complex mixture of morphology and stellar
populations (Schawinski et al. 2014; Kelvin et al. 2018;
Phillipps et al. 2019; Angthopo et al. 2020). A more ex-
haustive analysis of discs with ambiguous bulges, includ-
ing the fitting of multiple components and accounting for
the dust and gas fraction, has the potential to provide
insight regarding the green valley.
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